Summary. The sensitivity of alpha-and beta-adrenergic receptors, and the antilipolytic actions of prostaglandin E 1 or insulin on adipose tissue of obese diabetic and non-diabetic subjects have been studied. Accumulation of cyclic AMP in adipose tissue and release of glycerol in response to several catecholamines (adrenaline, noradrenaline and isoprenaline) in the presence or absence of an alpha-adrenergic blocker (phentolamine) have been used to assess catecholamine receptor sensitivity. No differences in betareceptor activity were observed between diabetics and non-diabetics, either on glycerol release or accumulation of cyclic AMP; alpha-receptor activity was also similar, except for significantly less accumulation of cyclic AMP in diabetic tissue incubated with noradrenaline and phentolamine (p <0.01). The antilipolytic action of prostaglandin E 1 (at concentrations of 30 fM to 30 pM) on lipolysis (stimulated submaximally with isoprenaline, 10 -7 M) was similar in diabetic and control groups. The antilipolytic action of insulin (from 10 -I~ to 10 -6 M) on lipolysis was also similar between the groups. It is concluded that neither disorders of the catecholamine receptor nor of the antilipolytic actions of prostaglandin E 1 or insulin are responsible for the abnormalities of fatty acid metabolism in adult diabetes.
Congenital and acquired disorders of catecholamine receptors have been recently described in association with several diseases. Thus, in triglyceride storage disease there appears to be a defect in the activation of adenyl cyclase in adipocytes by catecholamines and this may be due to a defect of the beta-receptor (or associated adenyl cyclase) and relate to the abnormal accumulation of triglyceride in this condition [1] . In hypothyroidism there is increased activity of the alpha-receptor of adipocytes so that stimulation with catecholamines (noradrenaline or adrenaline) results in an impaired increment of glycerol compared either to euthyroid controls [2] or to hypothyroid tissue stimulated by a predominant beta-agonist such as isoprenaline [3] . The receptor defect in hypothyroidism is reversible with thyroxine therapy [4] and may contribute to the low levels of plasma fatty acids observed in hypothyroidism.
It has recently been suggested that in adult diabetes there is impaired sensitivity of the beta-receptor of adipocytes, as judged by a reduced output of glycerol from adipose tissue following incubation with adrenaline and phentolamine [5] . Such a defect would be expected to lead to a decreased release of fatty acid from the tissue. Since the levels and turnover of plasma fatty acids are primarily determined by the release from the adipose organ [6] a reduced beta-receptor activity would be expected to lead to reduced levels of plasma fatty acids. In fact, the opposite usually occurs in adult diabetes, where raised plasma fatty acid levels (and turnover) have been reported [7] . In an attempt to resolve the discrepancy between reports of impaired beta receptor activity in adipose tissue and increased levels and turnover of fatty acids in adult diabetes, we have studied the sensitivity of the catecholamine receptors to adrenaline, noradrenaline and isoprenaline and the regulation of lipolysis by insulin and prostaglandin E 1 in adipose tissue of adult diabetics.
Material and Methods
Patients studied were overweight, with untreated diabetes mellitus of maturity onset. They were not keto-acidotic, were not insulin-dependent, and were not receiving medication known to alter carbohydrate or lipid metabolism. Obese non-diabetic subjects were studied as controls. All subjects were admitted to hospital and examined after an overnight fast of fourteen hours. The clinical and biochemical details of each of the patient groups are presented in Table 1 . Group A was examined for catecholamine sensitivity; group B for effects of prostaglandin E 1 on lipolysis; group C for the effects of insulin on lipolysis; and group D for effects of insulin or prostaglandin E 1 on cyclic AMP accumulation in adipose tissue.
Samples
Adipose tissue (500-800 rag) was obtained by needle biopsy [8] from the anterior abdominal wall, distant to 0.5 ml of intradermal 0.04 M lignocaine. This avoided as far as possible contamination of adipose tissue by local anaesthetic, which may depress lipolysis [20] . Possible contamination was eliminated by washing tissue samples in 0.15 M saline. Blood was taken for estimation of plasma lipids, insulin and blood glucose, and was followed by a 50 g oral glucose tolerance test. Values of blood glucose at 0, 60 and 120 minutes, above 5.5, 10 and 6.6 mM respectively were considered abnormal. All diabetic patients had at least two abnormal values.
Methods
Blood glucose was measured by an automated method using neocuproine copper agent [9] . Plasma insulin was measured by a solid phase radioimmunoassay kit (Pharmacia A. B., Uppsala, Sweden).
Glycerol release from adipose tissue into the incubation medium was estimated by an enzymic method [10] . Fatty acids were measured in the incubation media by a fluorimetric method [11] .
Tissue Incubations
For glycerol release, tissue samples were pre-incubated for 30 minutes at 3T C in Earle's bicarbonate buffer (pH 7.4) with 1 g per' 100 ml crystalline bovine plasma albumin, under a gas phase of 02: CO z (95 : 5). Samples were then incubated for 60 or 120 minutesin fresh buffer with appropriate additions. Fatty acid release was measured from similarly treated samples, with incubation for 120 minutes.
Cyclic AMP levels were measured in adipose tissue samples which had been pre-incubated for 30 minutes, and incubated for 5 minutes in the presence of appropriate additions, and in the presence of 10 -2 M theophylline for the whole period. At the end of 5 minutes incubation the accumulation of cyclic AMP was terminated by the addition of the sample to ice-cold 0.7 M HCI. Samples were homogenised in triethanolamine buffer and petroleum ether, and after neutralisation with 2.8 M KOH the extract was stored at -20 ~ C until assayed by a competitive proteinbinding assay [12] .
Determination of Adipocyte Size
Adipose tissue (35-45 rag) was incubated in Earle's buffer in the presence of collagenase (Worthington Biochemical Corporation) to isolate adipocytes. Aliquots of cells were photographed on siliconised glass slides with a Zeiss microscope using Polaroid film. The diameter of at least 300 individual cells was estimated.
The volume of each cell was calculated and then the average volume for the sample determined. Assuming the density of fat cells to be 0.915 g/ml the average weight of fat cells in the tissue was estimated. From the total weight of lipid an estimate of the cell number in the incubated adipose tissue samples was calculated. It has been previously reported that the diameter of cells liberated by collagenase digestion [18] corresponds closely to the diameter of cells of intact tissue slices (r = 0.94, n = 11).
Results
Human adipocytes contain both alpha-(inhibitory) and beta-(stimulatory) adrenergic receptors [21] . Adrenaline and noradrenaline produce a net betastimulatory effect, so the actions of these catecholamines alone and in the presence of the alphablocking agent phentolamine were examined on accumulation of cyclic AMP and release of glycerol. The effects of antilipolytic agents, prostaglandin E 1 and insulin on lipolysis, stimulated submaximally with isoprenaline, were also studied.
Catecholamines and Lipolysis
In both diabetic and non-diabetic patients (group A in Table 1 ) glycerol release was increased by incubation of tissue with either adrenaline or noradrenaline (Fig.  1) . Lipolysis was increased further by the presence of phentolamine with the catecholamine, to levels of glycerol release similar to those obtained with the predominantly beta agonist isoprenaline (Fig. 1) . No differences were seen between diabetic and nondiabetic groups. In particular there was no evidence for increased sensitivity of diabetic adipose tissue to catecholamines at the concentrations used; nor was there evidence for impaired sensitivity of adipose tissue from diabetics to stimulation by catecholamines with phentolamine. In the same groups of patients adipose tissue was examined for accumulation of cyclic AMP in the presence of the same catecholamines (Fig. 2) . Cyclic AMP levels were increased by noradrenaline and adrenaline, and levels were further increased in the presence of phentolamine. The levels of cyclic AMP accumulated in adipose tissue from diabetic patients in the presence of noradrenaline with phentolamine were significantly lower than levels in the non-diabetic tissue (p< 0.01), although levels of cyclic AMP were similar between the groups with adrenaline and phentolamine. As varying degrees of adipocyte size are known to affect rates of lipolysis [19] , the results were examined as activities per million adipocytes (results not pre- . No differences were demonstrated between the two groups of subjects for rates of glycerol release, but a smaller accumulation of cyclic AMP after stimulation by noradrenaline with phentolamine was again observed in diabetic tissue (p< 0.02). However, the beta-agonist isoprenaline elevated tissue levels of cyclic AMP to a similar extent in diabetic and nondiabetic tissues. (Fig. 3) . No significant differences were observed between diabetic and nondiabetic groups in the release of glycerol or fatty acids, but it was found that prostaglandin E i was a very effective agent in reducing rates of both glycerol and fatty acid release at 3 • 10 -7 M and 3 • 10 -9 M concentrations, whether results are expressed per mg wet weight of tissue (Fig. 3) or per 106 adipocytes (results not presented). Prostaglandin E 1 ( 3 xl0 -l~ M and 3• 10-14M) also inhibited the accumulation of cyclic AMP in adipose tissue from patients in Group D (Table 1) in the presence of submaximal concentrations of isoprenaline (Fig. 4) . This potent effect is seen at concentrations much lower than those which inhibit lipolysis and are equivalent to about 100 molecules of prostaglandin E 1 per adipocyte; the difference could be due to rapid degradation of prostaglandins in the incubation system, which would favour an effect on accumulation of cylic AMP (measured during 5 minutes) rather than on release of fatty acids (measured during 2 hours). No differences were observed between diabetic and non-diabetic groups, whether expressed on a mg wet weight (Fig. 4) or 106 cell basis (results not shown).
b. Insulin. The effect of insulin was studied on rates of glycerol and fatty acid release from adipose tissue (of patients in group C, Table 1 ) submaximally stimulated by isoprenaline (10 -7 M) . Physiological (10 -l~ M, 13.2 ~tU/ml) and pharmacological (10 .6 M and 10 .8 M) concentrations of insulin lowered glycerol release in both diabetic and non-diabetic patients to a similar extent (Fig. 5) . Release of fatty acids from adipose tissue was also lowered by insulin in both groups of patients, with the exception of the diabetic group using insulin at 10 -l~ M (Fig. 5) . Similarly, insulin at 10 -6, 10 -8 and 10 -1~ M produced falls in tissue levels of cyclic AMP and no significant differences were observed between diabetic and non-diabetic groups (Fig. 6 ).
Discussion
Our data fail to demonstrate an alteration in catecholamine-receptor sensitivity of adipose tissue from adult diabetics. The catecholamine receptor in our experiments is considered as a regulatory "subunit" of adenyl cyclase and receptor sensitivity is measured as changes in the activity of adenyl cyclase following combination with ligand. Beta-receptor sensitivity is measured by the accumulation of cyclic AMP, and alpha-receptor sensitivity by the decrease in tissue levels of cyclic AMP following incubation with catecholamine in the absence of an alpha-blocking agent (phentolamine). Also the effects of catecholamines on stimulation of glycerol and fatty acid release from adipocytes have been examined; under all conditions the activity of the betareceptor Non-diabetics Figure 2 . Insulin lowers cyclic AMP levels in adipose tissue of diabetics (p< 0.001, <0.02, <0.01 for insulin at t0 -6, 10 -8 and 10-1~ M respectively) and in non-diabetics (p<0.01, < 0.05, <0.06 respectively) compared to levels with isoprenaline alone (10 -7 M) appears to be normal in adipose tissue of adult diabetics. Likewise, the sensitivity of the alpha-receptor appears to be normal in adult diabetics. Our techniques are sufficiently sensitive to demonstrate changes in catecholamine receptor sensitivity, and in hypothyroidism we have confirmed the results of Rosenqvist et al. [2] on release of glycerol, demonstrating an increased alpha-receptor sensitivity in adipocytes, which can be reversed by treatment of patients with l-thyroxine [4] . It is therefore unlikely that changes in catecholamine receptor sensitivity are responsible for the increased flux of plasma fatty acids that is frequently observed in adult diabetes. A number of reasons may account for the discrepancy between our results and those of Atkinson and Randle [5] . The severity of diabetes mellitus at time of study, [19] . However, we have examined our results as activities per million adipocytes and found no differences between diabetics and controls.
We have also examined the possibility that there is a failure of antilipolysis in adult diabetes; so that when lipolysis is activated it cannot be subsequently modulated or terminated.
Prostaglandins are synthesized from long chain polyunsaturated fatty acids in adipose tissue and are released during lipolysis [13] . It is possible that prostaglandins form part of a negative feedback loop inhibiting adenyl cyclase, which would then limit the extent or duration of lipolysis stimulated by catecholamines. This might constitute an example of product inhibition (since prostaglandins are derived from fatty acids) of the first step in the activation of lipolysis. However, the sensitivity of adenyl cyclase to inhibition by prostaglandin E 1 appears to be intact in adipose tissue of adult diabetics, as judged by the inhibition of levels of cyclic AMP and the reduction in output of glycerol and fatty acids from the tissue in vitro.
Insulin is another antilipolytic agent in human adipose tissue [14] . Although any second messenger mediating the intracellular effects of insulin is not known, consistent effects of insulin on tissue levels of cyclic AMP can be demonstrated [17] . This is unlikely to be a direct action of insulin on the activity of adenyl cyclase, but may be a secondary effect. In adult diabetes insulin (10-t~ -6 M) produces a fall in tissue levels of cyclic AMP similar to that in non-diabetic controls. Tissue release of glycerol and fatty acids is plasma membrane similarly suppressed by insulin (10-1u-10 -6 M) in diabetics and non-diabetics alike. Thus, from our in vitro data, it is unlikely that alterations in the regulation of tipolysis by activator or inhibitory agents is related to the increased plasma fatty acid flux of adult diabetes.
The regulation of fatty acid release from adipose tissue is a complex process and involves not only the pathways of lipolysis, but also the re-esterification pathway. The two pathways operate simultaneously in adipose tissue and constitute a glyceride-fatty acid shuttle (Fig. 7) . Evidence that the shuttle may function in human adipose tissue can be seen from Figures and 5, where the ratio of basal release of glycerol: fatty acids is less than three. (If the pathways were mutually exclusive the ratio would be approximately three). We have previously demonstrated a defect in the esterification segment of the shuttle in adipose tissue of adult diabetics [15, 16] ; and this disorder of fatty acid esterification may more likely account for the increased plasma fatty acid flux in diabetes than changes in the lipolytic segment.
